Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

8-8-2009

Microstructural characterization of friction stir welded Ti-6Al-4V
Haley Amanda Rubisoff

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Rubisoff, Haley Amanda, "Microstructural characterization of friction stir welded Ti-6Al-4V" (2009).
Theses and Dissertations. 3094.
https://scholarsjunction.msstate.edu/td/3094

This Graduate Thesis - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

MICROSTRUCTURAL CHARACTERIZATION
OF FRICTION STIR WELDED TI-6AL-4V

By
Haley Amanda Rubisoff

A Thesis
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Master of Science
in Mechanical Engineering
in the Department of Mechanical Engineering

Mississippi State, Mississippi
August 2009

Copyright by
Haley Amanda Rubisoff
2009

MICROSTRUCTURAL CHARACTERIZATION
OF FRICTION STIR WELDED TI-6AL-4V

By
Haley Amanda Rubisoff
Approved:

__________________________________
Judith A. Schneider
Associate Professor of
Mechanical Engineering
(Director of Thesis)

________________________________
Arthur C. Nunes, Jr.
Aerospace Engineer
National Aeronautics and
Space Administration (NASA)
(Committee Member)

__________________________________
Jerome Gilbert
Professor of Biological Engineering
Associate Provost in Academic Affairs
(Committee Member)

________________________________
Steven R. Daniewicz
Professor
Graduate Coordinator
Department of Mechanical Engineering

__________________________________
Sarah A. Rajala
Professor of Electrical and
Computer Science Engineering
Dean of the Bagley College of Engineering

Name: Haley Amanda Rubisoff
Date of Degree: August 8, 2009
Institution: Mississippi State University
Major Field: Mechanical Engineering
Major Professor: Dr. Judith A. Schneider
Title of Study: MICROSTRUCTURAL CHARACTERIZATION OF FRICTION STIR
WELDED TI-6AL-4V
Pages in Study: 62
Candidate for Degree of Master of Science

Friction stir welding (FSWing) is a solid state, thermo-mechanical process that
utilizes a non-consumable rotating weld tool to consolidate a weld joint. In the FSW
process, the weld tool is responsible for generating both the heat required to soften the
material and the forces necessary to deform and consolidate the weld seam. Thus, weld
tool geometry, material selection, and process parameters are important to the quality of
the weld. To study the effects of the weld tool geometry on the resulting welds, a
previous study was conducted using varying degree taper, microwave-sintered tungsten
carbide (WC) weld tools to FSW Ti-6Al-4V. Fully consolidated welds were down
selected for this study to evaluate the resulting mechanical properties and to document
the microstructure. The purpose of this study is to quantify the temperatures obtained
during FSWing by interpreting the resulting microstructure. This information is useful in
process optimization as well as weld tool material selection.
Key words: friction stir welding (FSW), Ti-6Al-4V, tapered weld tool
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CHAPTER I
INTRODUCTION

Friction Stir Welding (FSWing)
Friction stir welding (FSWing), illustrated in Figure 1, is a solid state process that
uses a reusable weld tool to plastically deform material to create a welded joint. The
weld is formed by plunging and rotating the pin into the joint and stirring the solid metal.
Heat is generated by friction and deformational heating which softens the material to a
plasticized state. The controllable process parameters include: tool rotation, travel
speed, and plunge force. The ability to directly control the temperature of the weld
process has not been established. Microstructural and thermocouple studies in the
literature have indicated temperatures in the range of 70-90% of the absolute melting
temperature for joining of aluminum alloys [1-6]. This FSW temperature is a critical
parameter both to the quality of the weld in addition to selection of materials for the weld
tool.
The weld tool, shown in Figure 1, consists of a shoulder and a pin. The shoulder
sits on the surface of the work piece applying force to the weld nugget region. The pin
plunges into the work piece and stirs the material together. The resulting FSW nugget is
assymetrical and is described by the direction of the weld tool travel relative to the
direction of rotation. The crown is the top surface of the weld where the shoulder of the
1

weld tool interacts with the work piece. The root is the bottom of the weld which is
supported by a backing anvil The advancing side (AS) of the FSW is the side where
material is being moved in the travel direction of the weld tool. Material on the retreating
side (RS) is being moved in the opposite direction of the weld tool travel direction,
toward the starting location of the weld.
Downward force to maintain contact
between the anvil and the material
Joint

Advancing side (AS)
of the weld

Leading edge
of the tool

Shoulder

Pin
Retreating side (RS)
of the weld

Trailing edge of the tool

Figure 1

Schematic of friction stir welding process and weld tool [7]

The resulting microstructure of the FSW usually has three distinct regions as
shown in the FSW in Figure 2. The nugget zone is the region that was stirred around the
weld tool pin until the weld seam is completely consumed and the grains are refined. The
thermo-mechanically affected zone (TMAZ) is the area around the weld nugget that was
affected by the heat generated and the plastic deformation during FSWing. The
microstructure does not show the grain refinement usually seen in the weld nugget. The
heat affected zone (HAZ) is the region outside of the TMAZ that has been affected by the

2

high temperature during FSWing but does not show indications of mechanical
deformation [8].

Figure 2

Schematic showing the three distinct zones after FSWing: a)bulk work piece
material b) heat affected zone (HAZ) c) thermo-mechanically affected zone
(TMAZ) and d) the weld nugget [9]

Since TWI’s patenting of the process in 1991, FSWing has been most commonly
used on lower melting temperature materials such as aluminum [10]. For aluminum and
its alloys, the FSW process has matured to the point where it is used in commercial
production of marine and aeronautical equipment [8-19]. The process is even used in
assembling the external fuel tank of the NASA Space Shuttle [12]. Friction stir welding
is a unique welding process because the strength of the weld can be theoretically equal to
that of the bulk material [8,20]. This is in contrast with conventional fusion welding
processes where the weld is the weakest region of the component due to the lower tensile
strength of the re-solidified material. Additionally, FSWing can be used to weld
dissimilar materials or those that are difficult to weld with conventional fusion welding
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[8]. The FSW process can also be automated for repeatability and elimination of human
error [8].
FSW process parameters include: spindle speed, travel speed, and plunge force.
The type of material and the geometry of the joint affect the selection of process
parameters and tooling to produce a satisfactory weld. Currently, the method for
development of weld parameters is a trial and error process where known parameters for
another material are used and modified to get an acceptable joint as evidenced by the
resulting tensile strength and its variation [8]. Once parameters are chosen, the
microstructure of the weld is examined and the mechanical properties are evaluated to
ensure the weld is free of defects.
Currently, FSWing is being evaluated for higher melting temperature materials
such as titanium and its alloys. To FSW these materials, weld tool material selection
becomes more challenging. To ensure the weld tool can survive the FSW temperatures
while retaining its strength, tool materials are generally selected with a recommended
operating temperature above the range of the expected FSWing temperature of the work
piece. Table 1 and Table 2 provide a comparison of the melting temperature of
aluminum and titanium with various FSW tool materials and their recommended
operating temperature ranges. Thus, to withstand the expected FSW temperature range
for titanium, tungsten carbide (WC), tungsten carbide cobalt (WCCo), and cubic boron
nitride (PCBN) are materials of interest. Cost and manufacturability also factor into the
tool cost, especially during initial development of process parameters for a new alloy
such as titanium.
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Therefore, FSWing temperature is of interest for control of the final mechanical
properties as well as optimizing weld tool selection. Because the weld tool serves to
generate the heat as well as stir the metal together, there is no direct control of the weld
temperature. Various studies indicate FSW temperatures on the order of 70-90% of the
absolute melting temperature of the parent material for aluminum alloys [1-6,21].
However, in FSWing of higher melting temperature materials, the reported range is
lowered to 60-90% of the absolute melting temperature [8,22]. The primary driver to
select lower FSWing temperatures is related to weld tool material selection. However,
there is a lower limit on the temperature based on the ability to optimize the FSW
mechanical properties.

Table 1

Comparison of alloy melting temperatures in relations to expected friction
stir welding temperatures

Work Piece
Material
Aluminum
Ti-6Al-4V

Table 2

Melting Temperature
(MP)
660°C
1604-1660°C

Expected FSWing Temperature
380-570°C (70-90% MP)[21]
853-1467°C (60-90% MP)

Summary of friction stir welding tool materials and recommended operating
temperature range [21]

Tool Material
Tool Steel (ex. H13)
Nickel and Cobalt
Alloys (ie. MP159)
Refractory Metals
(ie. Tungsten)
Carbides (ie. TiC,WC)
Cubic Boron Nitride
(PCBN)

Recommended
Operating Temperature
Work Piece Materials
500-600°C
Aluminum and copper alloys
600-800°C
Aluminum and copper alloys
1000-1500°C

Copper and titanium alloys,
nickel-aluminum bronze, steels
Steels
Stainless and dual-phase steels,
NiTi

1000-1200°C
1200°C
5

Titanium 6-Aluminum 4-Vanadium
Titanium alloys are of interest due to their high strength to weight ratio at elevated
temperatures and their ability to resist fatigue cracking and corrosion [20]. Titanium 6Aluminum 4-Vanadium, also known as Ti-6Al-4V or Ti 6-4, is alloyed with 6 weight %
aluminum (Al) and 4 weight % vanadium (V). The Ti-6Al-4V alloy offers strength,
toughness and corrosion resistance [23]. Ti-6Al-4V is a two phase material with alpha
(α) and beta (β) structures present at room temperature. The volume fraction of the alloy
depends on the processing parameters, but for mill-annealed Ti-6Al-4V, the percentage
of β is about 10-12% [24-26]. The crystallographic structure of the α phase is hexagonal
close-packed (HCP) (Figure 3a), and the structure of the β phase is body-centered cubic
(BCC) (Figure 3b) [27].

(a)
Figure 3

(b)
Crystallographic structure of the two phases of Ti-6Al-4V (a) the hexagonal
close packed (HCP) structure of the α phase and (b) the body-centered cubic
(BCC) structure of the β phase [27]
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Pure titanium is α phase which is stable at room temperature. The β phase is
present at temperatures above the β-transus but is stabilized at room temperature by the
addition of V as seen in Figure 4 [23]. The Al in the alloy stabilizes the α phase and
raises the β- transus temperature as seen in Figure 5 [23]. The β transus temperature is
where all the α phase is completely transformed into β phase. The ternary phase
diagrams in Figure 6 show the transformation of Ti-6Al-4V to a β phase only after
crossing the β-transus temperature (980˚ C). The Al content also reduces the density of
the alloy which decreases the weight (ρ CP-Ti =4.5 g/cc, ρ Ti-6Al-4V =4.43 g/cc) [28].

Figure 4

Phase diagram of Ti and V showing the effect of V on the β transus [29]
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Figure 5

Phase diagram of Ti and Al showing an increase in the β transus as the
percent of Al is increased [29]

Figure 6

Ternary phase diagrams of Ti-Al-V marking Ti-6Al-4V showing phases as
temperature is increased above the β transus at a) 800˚ C, b) 900˚ C, and
c)1000˚ C [27]

Ti-6Al-4V’s microstructural morphology is dependent on the thermal-mechanical
processing history of the material [23,30]. For this study the effects of thermal
processing are of interest to determine temperatures during FSWing. After Ti-6Al-4V is
heated above the β transus and allowed to cool, the structure reverts back to an α-β alloy,
8

but with a different morphology. Figure 7 illustrates the effects of temperature history by
showing the resulting microstructures after the material is heated to a specific
temperature then air cooled. Heating the material above the β transus then air cooling
results in acicular α and β within prior β grain boundaries as seen in Figure 7 at 1065˚ C.
If the material is not heated above the beta transus, acicular α and β are present as well as
equiaxed alpha which is shown in Figure 7 at 955˚ C and 900˚C. As the temperature is
increased closer to the β transus, more acicular α and β are formed from the equiaxed α
and grain boundary β. Cooling rate also affects the resulting microstructure. Slow
cooling after heating above the β transus results in α plates with β at the boundaries of the
plates which is called a Widmanstatten structure. Rapid cooling results in a martensitic
α’ (HCP) or α” structure (orthrombic structure) with some β phase [30].
Because no direct method exists for correlation of the process parameters to the
FSW temperature, this study is focused on interpreting the weld temperatures which
resulted from FSWs of Ti-6Al-4V by using post weld characterization of the resulting
weld nugget microstructure. Using the reported changes to the Ti microstructure
processing history, the resulting FSW microstructure can be used to estimate the
temperature reached during welding [23]. An estimate of the temperature reached during
welding will give an idea of the flow stress during welding which will aid in modeling
the process, improvement of welding parameter selection, and development of tool
material requirements. Also, knowing if the β transus temperature was exceeded gives
insight into the mechanical properties of the weld. Welding above the beta transus can
lead to a reduction in ductility caused by coarse prior β grains [20].

9

Figure 7

The effect of temperature on the resulting microstructure of Ti-6Al-4V.
After heating to 645˚C, equiaxed α and grain boundary β are present.
Heating to 900˚C and 945˚C leads to acicular α and β and equiaxed α.
Raising the temperature to 1065˚C (over the β transus) gives acicular α and
β in prior β grains [23]
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CHAPTER II
METHODOLOGY

FSW Tool and Process Parameters
The weld panels for the study were welded at NASA Marshall Space Flight
Center in Huntsville, Alabama using the horizontal weld tool (HWT). The welds were
fabricated prior to the beginning of this study for a companion study which focused on
the effect of various weld tool features on the weld quality [31]. The workpiece material
was a commercially available, mill-annealed Ti-6Al-4V. The material supplier reported
the bulk Ti-6Al-4V to contain 6.1% Al, 4.2% V, 0.08% Fe, 0.01% C, 0.05% N and
0.12% O by weight. The material was specified to have an ultimate tensile strength of
1030 MPa and a yield strength of 980 MPa with a minimum 10% elongation at failure.
Mill test certificates, in Appendix A, from the supplier confirm that the material was in
accordance with specifications: AMS4911H and ASTM B265 [32-33].
Weld panels with dimensions 7.6cm x 61cm x 6 mm were cut from the asreceived material with care to insure that each panel was cut in the same direction with
respect to rolling so that FSWing would be parallel to the rolling direction. Each FSW
panel assembly consisted of two cut panels joined together in a butt joint along the 61cm
length of the panels. The faying surfaces of the butt joints were machined in a horizontal
mill prior to FSWing to create a smooth joint and minimize the gap. The FSWs included
11

in this study were part of a larger weld tool study that examined 5 different weld tool
designs shown in Figure 8 [31]. All tools were designed with a 7°, smooth concave
shoulder.

0˚

Figure 8

15˚

30˚

45˚

60˚

Weld tools used for the initial study with included taper angles varying from
0˚ to 60˚ with a 7˚ concave shoulder. FSWs formed using the 45˚ and 60˚
pin tools (in boxed region) are the focus of this study.

All of the FSWs were made with a 2.5º lead angle using displacement control.
The use of displacement control allowed the plunge force to vary as needed to ensure the
weld tool was plunged properly into the weld joint. Due to the possibility of oxidation at
elevated temperatures, an argon shield gas purge was used during the FSWing process.
Table 3 summarizes the weld schedules for each weld tool configuration.
Multiple process parameters were evaluated on each panel as illustrated in Figure 9. The
spindle speed and plunge depth were varied between each panel to produce suitable
conditions for joining the material.

12

Locations of macro section (grey) and 5 tensile specimens
RS
Start

End

15.2 cm

18 cm

18 cm

18 cm

AS

61 cm

Figure 9

Layout of the three weld parameter sections (18cm each) and the locations
of the five tensile specimens and the macro section for each parameter. The
macro section was taken 3 cm before the transition location (dashed line).

A review of the previous FSW panels was used to downselect the best FSWs for
further study. Panels were eliminated from this study on the basis of surface or internal
defects. Figure 10(a) contains a plan view photograph and x-ray radiograph of the welds
formed using the 30° weld tool. The photograph shows deep surface voids and excessive
flash in the weld region. The corresponding x-ray radiograph confirms the visual
indications. The dark regions of the radiograph are either surface voids or voids within
the weld. Figure 10(b) is a plan view photograph and x-ray radiograph of FSWs formed
using the 0° and 15° weld tools. Both FSWs show oxidation discoloration near the start
location, and the corresponding radiographs show embedded pieces of the WC weld tool
(light region within the weld). These weld tool reminants are pieces which broke off
during the FSWing process.
No defects were observed in the FSW panels produced with the 45° and 60°
tapered weld tools. Figure 11 shows the plan view photographs and x-ray radiographs of
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these FSWs. Visually very little flash was observed on the surface with no apparent void
regions. Also, there was very little discoloration of the weld from oxidation. The only
indication of FSW tool reminants was in the 45° tapered tool near the end of the weld
with the 12.7 cm/min travel speed.

Based on visual and NDE results, the panels in

Figure 11 were downselected for further characterization in this study.

Photograph

0˚ weld tool

15˚ weld tool

a)
Weld direction
Radiograph

0˚ weld tool

15˚ weld tool

Pieces of broken weld tool
30˚ weld tool

Photograph

b)
Weld direction
30˚ weld tool

Radiograph

Large voids

Figure 10

Plan view photographs and x-ray radiographs of unacceptable welds. a) 0˚
and 15˚ weld tools and b) 30˚ weld tool. In the radiographs, the bright white
regions of the radiographs indicate residual weld tool in the weld and the
black regions are voids areas.
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45˚ weld tool

Photograph

12.7 cm/min

a)

11.4 cm/min

10.2 cm/min
Weld direction
45˚ weld tool

Radiograph

12.7 cm/min

11.4 cm/min

10.2 cm/min
60˚ weld tool

Photograph

9.5 cm/min

b)

10.2 cm/min

13.3 cm/min

Weld direction
60˚ weld tool

Radiograph

9.5 cm/min

10.2 cm/min

13.3 cm/min

Figure 11

Plan view photographs and x-ray radiographs of the two successful welds: a)
45˚ tapered weld tool and b) 60˚ tapered weld tool. No detectable defects
are observed in the x-ray radiographs.

Table 3

FSW weld schedule

Weld ID

Taper angle
(deg)

Spindle Speed
(RPM)

Spindle Travel
(cm/min)

Plunge depth
(mm)

Data included
in this report

0010W

30

300-400

11.4

42.9

no

0020W

45

400

10.2-11.4-12.7

42.7

yes

0030W

60

400

9.5-11.4-13.3

42.9

yes

0040W1A

15

400-500

9.5-11.4-12.7

43.9

no

0040W1B

0

500

9.5-11.4-12.7

43.9

no

0050W

30

400

9.5-11.4-13.3

43.9

no
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Optical Microscopy
Of the 6 transverse sections cut from each weld, the section furthest from the start
location was mounted for preparation and viewing of the transverse microstructure. The
transverse sections were milled to remove the damaged areas caused by the band saw
during sectioning. The sections were then trimmed to remove excess panel material
using a cooled metallurgical saw to prevent changes to the microstructure. Once the
samples were trimmed to include the weld nugget and small amount of bulk material on
each side, the specimens were mounted using a Buehler SimpliMet 1000 automatic
mounting press with a 1 or 1.5 in mount size. The mounting material was Struers
Polyfast phenolic hot mounting resin. The samples and resin were heated to 300 ˚F for 1
min 40 sec with a pressure of 4200 psi then water cooled for 3 min. The transverse
sections were oriented in the mount with the advancing side of the weld on the left and
the retreating side of the weld on the right when the crown of the weld was at the top as
illustrated in Figure 12. After the sections were mounted, they were polished and etched
to reveal the weld nugget microstructure for optical imaging.

Bright Field Imaging
The mounted samples were then prepared for microscopic examination by
grinding and polishing the transverse surface of the samples. Grinding was completed
with 240, 320, 400, 600, and 800 grit silicon carbide adhesive backed papers. The
mounts were then polished using 1 µm, 0.3 µm, and 0.05 µm alumina slurries with water
until a mirror finish was achieved. Etchant 11 from ASTM E 407 Standard Practice for
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Microetching Metals and Alloys was used to etch the samples to reveal the microstructure
for optical microscopy [36]. The etchant consisted of 2 mL HF and 100 mL H 2 O and
was applied to the surface of the samples for 13 seconds.
Each etched specimen was examined in bright field using the Leica DMI 5000
metallographic light microscope. Digital optical microscopy (OM) images were taken at
100x, 200x, and 500x at the 9 locations of interest across the weld nugget shown in
Figure 12. The images were then used to determine average prior β grain size in the
nugget region using ASTM E112-96 Standard Test Methods for Determining Grain Size
[37].
The area fraction of the β phase was verified using a digital thresholding
technique. The technique used a digital imaging software package, ImageJ 1.40g for
Windows, to count the number of pixels in a micrograph relating to the β phase [38]. The
resolution of the images used was 2048 x 1536 pixels. The number of β phase pixels was
then divided by the total number of pixels in the micrograph to give the area fraction of
the β phase in the image. The measurements were taken at each location marked in
Figure 12 and in the parent material at 500x. Each set of results from a given weld
nugget was averaged to obtain the average area fraction for each weld nugget. The
results were verified using measurements following ASTM E562 Standard Test Method
for Determining Volume Fraction by Systematic Manual Point Count [39].
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AS

Crown

RS

Root
Figure 12

Locations of optical micrograph images

Polarized Light Imaging
The previously etched samples were re-examined using a modified Weck’s
reagent as an etchant and polarized light to view the microstructure. To repolish the
samples, a different technique was used. The instructions for specimen preparation were
taken from Vander Voort’s articles entitled Titanium Specimen Preparation and
Specimen Preparation for Electron Backscattered Diffraction to minimize damage to the
microstructure [40].
The damage caused by etching of the samples was removed using a 600 grit
diamond impregnated disc. Next, the specimens were polished using a 9 µm diamond
paste and lubricant on a silk cloth for approximately 10 min until all scratches from the
600 grit disc were removed. The final stage of polishing involved a mixture of 40 nm
colloidal silica (Syton HT-50) with a hydrogen peroxide attack agent for 10 min or until a
mirror finish was achieved. Vander Voort calls for a 30% H 2 O 2 solution as the attack
agent, but good results were obtained with the safer and more readily available 3%
solution [40]. To remove any residual damage caused by the polishing procedure, 1-2
hours of vibratory polishing with colloidal silica on velvet cloth provided samples ready
for examination.
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The samples were etched with a modified Weck’s reagent for 18 seconds to
improve the contrast between colors when viewing the samples under polarized light.
The modified Weck’s reagent was made of 100 mL distilled H 2 0, 25 mL of ethanol, and
2 grams of ammonium bifluoride (NH 4 F 2 H) [35].
After etching, each specimen was examined under polarized light using a LEICA
DMI 5000 metallographic light microscope with a polarizing filter. The polarized lens
was oriented just off of 90˚ to get the best images. Images were taken at 100x and 200x
at 9 locations of interest across the weld nugget. The locations and numbering system for
the images were previously shown in Figure 12.

Oxygen Analysis
Because titanium properties are sensitive to oxygen content, post weld oxygen
analysis was completed by West Penn Testing Group located in New Kensington, Penn.
A LECO inert gas fusion thermal conductivity instrument model TC136 was used to
determine the oxygen content of the parent material and the FSWs. The standard
followed was ASTM E1409 Standard Test Method for Determination of Oxygen and
Nitrogen in Titanium and Titanium Alloys by the Inert Fusion Technique [41]. The
precision of the instrument is ±7% of the reported results. Two areas of interest were
analysis in each weld nugget as shown in Figure 13.
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Figure 13

Schematic of the two areas of interest for oxygen analysis
Tensile Testing

Tensile tests were conducted in accordance with AWS B4 Standard Methods for
Mechanical Testing of Welds [42]. Five tensile specimens, transverse to the weld nugget,
were rough cut from each FSW panel using a band saw. End milling of the sides was
used to final trim the specimens to 6 mm wide by 6mm thick in each 15.2cm long
specimen as illustrated in Figure 14. A typical specimen prior to testing is shown in
Figure 15.
6 mm
6 mm
15.2 cm

Figure 14

Geometry of the tensile specimens

2 cm

Figure 15

Example photograph of tensile specimen before testing
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Once the specimens were prepared, tensile testing was conducted using an Instron
Model 5869 electro-mechanical load frame with a 10kip (44.5kN) load cell. The tests
were extension controlled with no preload and a constant crosshead velocity of
0.05in/min (13mm/min) with a load threshold of 5lbs (22.2N) selected as the test
termination condition. The data sampling rate was selected to capture data every 50 ms.
The results of the tests were logged in text files that were exported to Microsoft Excel to
reduce the data. The cross-sectional area of the welded region was used to calculate the
engineering stresses during the tests instead of the cross-sectional area of the tensile bar
of the specimen due to the unconsumed portion of the former weld seam shown in Figure
16.
Crown

5mm
AS

RS

Remaining seam of unwelded material
Root

Figure 16

Transverse sample macrograph showing lack of penetration at weld root

The area of the welded region was determined by measuring the width of the
specimen and using the weld tool depth during welding as the thickness of the weld using
equation:
(1)
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where A is the cross-sectional area of the weld in m2, w is the width of the specimen in m,
and t is the pin tool plunge depth during welding in m. The engineering stress was then
calculated using:

(2)
where
and

is the engineering stress in MPa,

is the load measured during testing in N,

is the calculated cross-sectional area found using Equation 1. Once all stresses

were calculated at each time interval during testing, the ultimate tensile strength was
taken as the maximum strength the carried by the specimen.

X-ray Diffraction
Using a Rigaku SmartLab x-ray diffractometer, initial qualitative X-ray
Diffraction (XRD) measurements were taken to verify the diffracting peak locations and
intensity. The parent material was obtained from a hot rolled plate, which retained
evidence of a rolling texture. The parent and nugget regions of each transverse sample
was scanned using a 2θ scan configured in the general measurement mode with the
parallel beam slit. The resulting peak intensities were compared to the ICDD standards
PDF (powder diffraction data) for randomly oriented, powder samples of alpha and beta
titanium phases [43-44]. A 2θ range from 0° to 145° was run at a scan rate of 1.2
deg/min. Constant slit sizes of 10mm/10mm were used on the detector side. The x-ray
source was Cu-Kα with a wavelength of 1.541867 Å.
Because of a limitation in the z height in the diffractometer, the thickness of the
mounted transverse specimens had to be reduced. The etched specimens from the optical
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microscopy were used for XRD so that the welded region of the sample was apparent.
Two specimens were used for the XRD examination: 45˚ tapered tool at 11.4 cm/min
weld and 60˚ tapered tool at 11.4 cm/min weld. The two samples were chosen because
their FSW process parameters were the same. Double-sided tape was used to mount the
specimen onto the sample mount plate.
Microdiffraction was used to construct pole figures in seven areas of interest on
the weld nugget as identified in Figure 17. Three pole figures were taken at each location
usign the previously verified diffraction peaks for the {00.2}, {10.0}, and {10.1} planes.
The Rigaku SmartLab was used for the microdiffraction tests with an XY attachment that
allowed for movement in the X- and Y- directions. A parallel beam configuration in
continuous mode with a scan speed of 150 deg/min and a scan step of 3 deg. Figure 17
shows the seven areas of interest on each weld, with three areas on the retreating side,
three on the advancing side and one in the center of the weld. Using the Rigaku
SmartLab software, the weld region was mapped and pole figure measurements were
constructed form data collected at each location. To limit the area of the x-ray beam, the
beam width limiting 0.5 mm slit was used. The Micro Area slit could not be used due to
a software limitation when using the parallel beam slit. To work around this issue, razor
blades were mounted to the outside of the x-ray emitter box to limit the size of the beam
to Micro Area size. To ensure the area was limited, a phosfluorescent screen was placed
in the XRD to view the area of the beam. To collect the pole figure data, the following
2θ angles were selcted for the α phase 38.6˚ for the {00.2} plane, 35.4˚ for the {10.0}
plane, and 40.4˚ for the {10.1} plane.
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RS

AS

Figure 17

Location of microdiffraction analysis areas
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CHAPTER III
RESULTS AND DISCUSSION

Optical Microscopy
Bright Field Imaging
The microstructure of the parent material was bimodal with equiaxed α (light
regions) and colonies of alternating α+β laminate as shown in Figure 18. The structure
consisted of prior β grains with an average diameter of 138 µm and α colonies about 17
µm in size made of α laths with an average width of 1.4 µm. Average diameter of the
equiaxed α was 5 µm.

Figure 18

Micrograph of parent material Ti-6Al-4V
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The microstructure of the stir zone was similar for all FSWs evaluated and
consisted of grain boundary (GB) α and prior β grains varying in size from about 4-23µm
which contained colonies of acicular α. The grain size varied within the nugget region
with the smallest grain (~4 µm) located at the bottom of the stir zone as well as smaller
grains (~10 µm) located around the top surface of the weld.
A transverse section of the FSW showing regions of the microstructure examined
is located in Figure 12. Representative optical micrographs for each region are located in
Figure 19. Figure 19a and Figure 19e illustrate the grain size found in the region close to
the crown of the weld. The region with the smallest grain size of about 4 µm is shown in
Figure 19f. The middle of the nugget generally contained the largest prior β grains as
seen in Figure 19b, Figure 19c and Figure 19d with the largest measured grain size being
23 µm in the 60˚ pin tool weld with a travel speed of 13.3 cm/min. The larger prior β
grains in the center could be due to the low thermal conductivity of the Ti-6Al-4V which
would keep the center of the weld at higher temperatures for longer than the surrounding
weld area allowing the β grains to continue to grow. Figure 20 and Figure 21 contains
the grain size measurements for each weld evaluated according to the macrograph map in
Figure 12.
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Figure 19

(a)

(b)

(c)

(d)

(e)

(f)

Micrographs from six regions of the weld nugget labeled in Figure 12: a) AS
crown, b) AS mid-depth, c) center mid-depth, d) RS mid-depth, e) RS
crown, and f) center root
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Grain Size (µm)

Prior β Grain Size
45˚ Pin Tool
25
20
15
10
5
0

10.2 cm/min
11.4 cm/min
12.7 cm/min
a

b

c

d

e

f

Location in Nugget
Figure 20

Summary of prior β grain sizes in the weld nugget for the 45˚ tapered weld
tool relating to the regions of interest in Figure 12

Grain Size (µm)

Prior β Grain Size
60˚ Pin Tool
30
20
9.5 cm/min

10

11.4 cm/min

0

13.3 cm/min
a

b

c

d

e

f

Location in Nugget
Figure 21

Summary of prior β grain size in the weld nugget for the 60˚ tapered weld
tool relating to the regions of interest in Figure 12
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Based on the stir zone microstructure for the welds, the β transus temperature
(980˚C) was exceeded in all FSWs [23]. Acicular α is contained within prior β grains
which were formed while the stir zone was above the β transus [23]. Equaxied α,
originally seen in the micrographs of the parent material, were not present in the FSW
nugget. Martensitic microstructure is not present so the cooling rate was not extremely
fast (1000˚C/min or higher) [23]. The prior β grains in the stir zone are not very large
(<30µm) so the cooling rate was not slow enough to keep the material above the β transus
long enough to form large β grains [23]. Lienert et al [22], Juhas et al [45], and Zhang et
al [46] reported similar findings relating to the cooling rate of Ti-6Al-4V friction stir
welds. The variation in prior β grain size throughout the weld nugget could be due to
temperature gradients in the FSW nugget which favor larger grains being formed in the
hottest regions. The difference in prior β grain sizes could also be due to the slow
cooling rate of titanium when air cooled. The material at the center of the nugget would
be above the β transus longer than the surface material and material near the HAZ so the
β grains would grow larger.
Wormhole type defects were found in 5 of the 6 welds studied as shown in Figure
22 with arrows indicating the location of the voids. The voided regions were located at
the bottom of the stir zone in the center of the weld near the abutting edges of the plates.
The only weld without voids was formed with the 60˚ tapered weld tool at the highest
travel speed (13.3 cm/min). Voids in future welds may be avoided by using truncated
tapers to more fully engage material flow under the weld tool.
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(a)

(b)

(c)

Figure 22

Macrographs of the resulting weld nugget for the 45˚ tapered weld tool with
varying travel speeds of a) 10.2 cm/min, b) 11.4 cm/min and c) 12.7 cm/min
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(a)

(b)

(c)

Figure 23

Macrographs of the resulting weld nugget for the 60˚ tapered weld tool with
varying travel speeds of a) 9.5 cm/min, b) 11.4 cm/min and c) 13.3 cm/min

The area and the major diameter of the weld defects were measured as reported in
Table 4. The welds created using the 45˚ tapered weld tool had the largest defects in area
and major diameter. Compared to the 45° tapered weld tool FSWs, the FSWs created
using the 60˚ pin tool contained much smaller defects.
Table 5 contains the β phase area fraction results for the weld nugget region. The
area fraction did not vary between the parent material and the weld nugget. It also did
not vary between the different weld tools and parameters.
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Table 4

Summary of weld defect (void) measurements
Approx. Void
Major
2
Area (mm ) Diameter (µm)

Pin Tool Specimen

45˚

60˚

Table 5

10.2 cm/min
11.4 cm/min
12.7 cm/min
9.5 cm/min
11.4 cm/min
13.3 cm/min

0.089
0.345
0.198
0.070
0.001
No defect

542.2
764.7
878.3
194.3
57.4
No defect

β phase area fraction results for the weld nugget region
Area Fraction
(%)

Pin Tool

Specimen

Parent
Material

---

10.41±1.35

10.2 cm/min

10.14±0.44

11.4 cm/min

10.49±0.99

12.7 cm/min

10.72±1.26

9.5 cm/min

10.41±0.67

11.4 cm/min

10.48±0.52

13.3 cm/min

10.49±0.45

45˚

60˚

Polarized Light Imaging
The polarized light micrographs show greater detail of the microstructure in the
weld region than bright field micrographs. Figure 24 shows the change in microstructure
between the weld nugget region and the heat affected zone (HAZ) of the weld. The weld
region contains smaller prior β grains with a similar shape as the HAZ. α lathes can be
seen in the higher magnification images.
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The images were expected to improve the contrast between the α and β phases so
that prior β grain size, α lath size and volume fraction could be more accurately
measured. The resulting images were similar to the bright field images and did not
provide greater contrast between the phases.

Weld Region

HAZ
Butt Joint Seam
Figure 24

Micrograph obtained using polarized light microscopy. A sharp
demarcation is observed between larger grains in the heat affected zone
(HAZ) and smaller prior β grains in the weld nugget
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Figure 25

Polarized light micrograph of the parent material at 200x.
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a)

d)
50 µm

50 µm

b)

e)
50 µm

c)
Figure 26

f)

Polarized light micrograph of the weld nugget showing the variation of prior
grain size in the weld nugget: a) advancing side near crown, b) advancing
side mid height, c) center, d) retreating side mid height, e) retreating side
near crown, and f) center near root.
Oxygen Analysis

The results of the oxygen analysis showed negligible variation between the FSWs
and the parent material. This indicates the purge system was effective in shielding the
welds. Also, there was no variation in oxygen content through the depth of the weld.
The results show that oxidation during welding was not significant when comparing
FSWs to parent material. The results of the analysis are summarized in Table 6.
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Table 6

Oxygen analysis results
Sample

% Oxygen
Content

Parent Material
10.2 cm/min
002 11.4 cm/min
12.7 cm/min
9.5 cm/min
003 11.4 cm/min
13.3 cm/min

0.12
top
bottom
top
bottom
top
bottom
top
bottom
top
bottom
top
bottom

0.12
0.12
0.12
0.12
0.13
0.12
0.12
0.13
0.13
0.11
0.13
0.13

Tensile Testing
The ultimate tensile strengths for the welds are reported in Figure 27. All
specimens fractured at the center of the weld stir zone at approximately 70% of the
reported parent material bulk ultimate tensile strength (1030 MPa). The reduced ultimate
tensile strength is attributed to the defects observed in the FSWs. As shown in Figure 22
all were located at the center of the stir zone. All specimens failed in the center location
which also aligned with the unconsumed weld seam. A clear trend is observed with
increasing strength and decreased data scatter as the defect size is reduced with the 60º
tapered weld tool.
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(a)

(b)
Figure 27

Summary of the ultimate tensile strength for the a) 45˚ and b) 60˚ weld tools
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X-ray Diffraction
The qualitative XRD results showed a preferred orientation in the {10.1} plane
when compared to the orientation of the parent material in the {00.2} plane. According
to the powder diffraction ICDD database information, powdered commercially pure α
titanium, with a random orientation, has its highest peak intensity in the {10.1} plane
[43]. Table 7 provides the XRD results in greater detail with the peak of highest intensity
shaded as compared to the reference file data for α phase and β phase Ti powders. While
Table 7 shows the {110} peak of the beta phase in the parent material, peak broadening
obscured the {110} beta peak within the FSW nugget. Thus, the volume fraction of α to
β phase in the weld nugget could not be interpreted using XRD results. Figure 28 is
representative of all FSWs in this study which are summarized in Table 7. Figure 29 is
representative of the parent material and shows the β peak which is obscured in the
nugget plot. A strong {00.2} texture is observed in the XRD data on the basis of higher
than expected intensity. However, in the FSW nugget, this peak intensity has been
restored to the random orientation of the powder diffraction file data.
Microdiffraction results were compared to determine resulting FSW nugget
textures. The parent material showed a texture expected in rolled titanium, shown in
Figure 30. There were no high intensity peaks for the {10.0} plane orientation but higher
intensity peaks were seen for the {00.2} and {10.1} plane orientations. Representative
pole figures are provided in this section with the remainder in Appendix B.
Figure 31 shows a random texture for the center of the weld nugget formed with
the 45° tapered weld tool The other regions of the weld were all similar with pole figures’
highest intensities in the {00.2} and {00.1} plane orientations. Figure 32 is an example
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of the texture for the rest of the weld nugget. For the 60° tapered weld tool, no random
texture was seen in the center of the weld as seen in Figure 33. All texture in the weld
nugget was similar with the highest intensities in the {00.2} and {00.1} plane
orientations. A representative set of pole figures from the nugget region is shown in
Figure 34.

Table 7

Qualitative comparison of XRD analysis of peak position of the first 3
diffracting planes in the parent material and weld nugget. Locations of
highest intensity diffraction peaks are shaded.
2θ
α
{10.0}

{00.2}

{10.1}

{11.0}

{110}

β
{200}

35.083
-35.350
35.410
35.400
35.430
35.360
35.411
35.419
35.440
35.420
35.430
35.440
35.430

38.402
-38.500
38.560
38.570
38.550
38.590
38.530
38.600
38.580
38.590
38.540
38.540
38.540

40.161
-40.390
40.460
40.490
40.540
40.480
40.500
40.440
40.500
40.530
40.520
40.500
40.510

62.938
--63.581
63.600
63.670
63.590
63.518
63.599
63.500
63.619
63.700
63.630
63.601

-38.758
38.500
39.769
38.570
39.789
38.590
39.700
38.600
39.570
38.590
39.500
38.540
39.730

-55.973
-54.589
-54.736
-54.998
----56.697
--

Material/ Sample
Pure Titanium- α
Pure Titanium- β
45˚-10.2 Weld
cm/min
PM
45˚-11.4 Weld
cm/min
PM
45˚-12.7 Weld
cm/min
PM
Weld
60˚- 9.5
cm/min
PM
60˚-10.2 Weld
cm/min
PM
60˚-13.3 Weld
cm/min
PM
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{211}
-70.161
71.030
71.050
71.080
71.051
70.991
71.061
71.070
71.000
71.091
71.010
71.040
--

Figure 28

Representative plot of 2θ diffraction intensities in the weld nugget

Figure 29

Representative plot of 2θ diffraction intensities in the parent material
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{00.2}

Figure 30

{10.1}

X-ray pole figures for the α phase in the parent material showing a typical
texture for rolled materials. Scale on the left hand side indicates a multiple
of random occurrence.
{00.2}

Figure 31

{10.0}

{10.0}

{10.1}

X-ray pole figures for the α phase at the center location of the FSW nugget
using the 45° tapered weld tool. The pole figures show the grains at the
center of the weld have a random texture
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{00.2}

Figure 32

{10.1}

A representative set of pole figures for the α phase in the weld nugget
produced using the 45° tapered weld tool. The texture for the weld nugget
did not vary except at the center location of the weld seen in Figure 31
{00.2}

Figure 33

{10.0}

{10.0}

{10.1}

Pole figures for the α phase at the nugget center location produced using the
60° tapered weld tool showing lack of random texture which was seen with
the 45° weld tool
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{00.2}

Figure 34

{10.0}

{10.1}

A representative set of pole figures α phase in the nugget region of the weld
produced using the 60° tapered weld tool. The texture for the locations in
the weld nugget of the 60° weld tool were all similar including the center
location
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CHAPTER IV
SUMMARY

Based on the results of this experiment, it appears that a taper angle of at least 45°
is required when welding Ti-6Al-4V. For the weld tools studied, a similar refined grain
size was observed in the stir zone microstructure. Some variation was observed across
the weld nugget with grain size with 13.3 cm/min parameters/ 60° tool producing the
largest grain size of 23 μm and the 10.2 cm/min parameters/45° tool producing the
smallest grain size of 4 μm.
Oxygen analysis results show that oxidation did not increase during FSWing since
the oxygen content in the weld nuggets are the same as the parent material which
indicates the argon purge was effective in shielding the specimen.
The results of the microdiffraction study show that the texture changes from the
rolled texture of the {10.1} plane of the parent material to a texture of the {00.2} plane.
The 45° tapered tool weld has a random texture in the center of the weld whereas the 60˚
tapered weld tool does not. Pole figures taken from the plan side show a texture similar
to the parent material with the 45˚ tapered weld tool. This transitions to a {10.0} texture
in the 60˚ tapered weld tool.
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All welds showed some evidence of wormholes. To reduce defects such as
wormholes, a truncated design may increase the flow of the material around the tip of the
weld tool.
Based on the structure within the stir zone, the β transus (980° C) was exceeded
during all FSWs made with the 45° and 60° weld tools. However, the WC weld tool
survived the FSW process indicating that the FSW temperature was lower than their
1200° C operating limit. This brackets the weld temperature between 1000 and 1200°C.
Indications of temperature variations within this range were evidenced by slight changes
in final grain size and texture evolution. The formation of defects at the tool taper
indicate that while lower temperatures (<980° C) are desired to maximize weld properties
by avoiding the β transus, higher temperatures maybe required to ensure proper flow
around the pin tool for full consolidation of the FSW nugget.
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CHAPTER V
FUTURE WORK

Better interpretation of the nugget texture would provide information on the flow
studies in FSWing as affected by the weld tool geometry. Knowledge about the flow of
the material could be drawn from more qualitative studies about the texture in the weld
nugget. Modeling of the flow could allow researchers to define the correct conditions
need to produce a desired microstructure without as much trial and error.
Use of truncated tools may help to avoid or minimize the defect observed at the
apex of the weld tool. It appears that the tip of the tapered weld tools causes an area of
stagnation in the flow of the material. If the tip of the weld tool was truncated to form a
flat surface on the bottom, the area of stagnation may be eliminated.
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APPENDIX A
AS-RECEIVED MILL TEST CERTIFICATE
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Figure 35

Mill test certificate for the as-recieved Ti-6Al-4V
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APPENDIX B
X-RAY DIFFRACTION POLE FIGURES
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Pole figures for the α phase of the parent material
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Figure 37

Schematic of the locations the microdiffraction analysis areas
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Figure 38
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Figure 39
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Pole figures of α phase of the weld nugget of the 45° weld tool near the
crown on the retreating side
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Pole figures of α phase of the weld nugget of the 45° weld tool near the
crown on the advancing side
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Figure 40
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Figure 41
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Pole figures of α phase of the weld nugget of the 45° weld tool near the
middle on the retreating side
{10.0}

{10.1}

Pole figures of α phase of the weld nugget of the 45° weld tool near the
center
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Figure 42
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Figure 43
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Pole figures of α phase of the weld nugget of the 45° weld tool near the
middle on the advancing side
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Pole figures of α phase of the weld nugget of the 45° weld tool near the root
on the retreating side
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Figure 44
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Pole figures of α phase of the weld nugget of the 45° weld tool near the root
on the advancing side

58

{00.2}

Figure 45
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Pole figures of α phase of the weld nugget of the 60° weld tool near the
crown on the retreating side
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Figure 46
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Pole figures of α phase of the weld nugget of the 60° weld tool near the
crown on the advancing side
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Figure 47
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Pole figures of α phase of the weld nugget of the 60° weld tool near the
middle on the retreating side
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Figure 48
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Pole figures of α phase of the weld nugget of the 60° weld tool near the
center
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Figure 49
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Pole figures of α phase of the weld nugget of the 60° weld tool near the
middle on the advancing side
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Figure 50
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Pole figures of α phase of the weld nugget of the 60° weld tool near the root
on the retreating side
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Figure 51
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Pole figures of α phase of the weld nugget of the 60° weld tool near the root
on the advancing side
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